Introduction
As T cell immunotherapy extends into clinical application (1, 2) , its benefits are being expanded by engineering T lymphocytes to express chimeric antigen receptors (CARs) that recognize specific antigens expressed on the cell surface of different types of tumor cells (3) (4) (5) (6) (7) (8) . CAR molecules usually combine the antigen-binding domain of the variable regions of a specific monoclonal antibody (scFv) with the CD3ζ endodomain of the TCR/CD3 complex (so-called first-generation CARs) (4) . When expressed by T lymphocytes, CARs provide potent antigen-specific, non-MHC-restricted effector function against tumor cells in preclinical models (5) . However, in the initial human trials, T lymphocytes expressing first-generation CARs showed limited expansion and relatively short persistence (3, 9, 10) . This result likely reflects the failure of artificial CAR molecules to fully activate T cells after antigen engagement on tumor cells, especially when the tumor cells lack expression of costimulatory molecules (such as CD80 and CD86) that are required for sustained T cell activation, growth, and survival (11) .
To provide the costimulation lacking in tumor cell targets and thereby overcome the above limitations, several groups have incorporated costimulatory endodomains, including CD28 (12), 4-1BB (13, 14) , or OX40 (15) , into CAR molecules (so-called second-generation CARs). Although preclinical studies suggest that this strategy can indeed augment the activation of CAR-modified T lymphocytes (5, 7, 12) , there has been no direct demonstration of this effect in human subjects. To meet this challenge, we designed a clinical study in which patients with non-Hodgkin lymphomas (NHLs) were infused simultaneously with 2 autologous T cell products, each containing cells that expressed an identical CAR exodomain specific for the CD19 antigen (CD19-specific scFv) (16) (17) (18) . In one product the CAR was coupled to the ζ-endodomain alone (CAR.CD19ζ), while in the second product the CAR was coupled to both the CD28 and ζ-endodomains (CAR.CD19-28ζ). With this study design, each patient acted as a "self-control," allowing us to directly determine in vivo the effects of incorporating a costimulatory endodomain on the fate of the CAR-engineered T cells.
Results and Discussion
We enrolled 6 patients, aged 46 to 59 years, with relapsed or refractory NHL (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI46110DS1). Each patient had active disease, measurable by physical examination or CT or PET imaging at the time of the T cell infusions. We generated 2 CARtransduced T cell products for each patient, always from the same blood collection. Polyclonal T cell lines were generated after a period of culture (mean, 13 days; range, 6-18 days). Products that expressed either CAR.CD19ζ or CAR.CD19-28ζ transgenes were similar by functional and phenotypic analyses ( Figure 1 ). Two patients were then treated with both preparations at each level of dose escalation (2 × 10 7 /m 2 , 1 × 10 8 /m 2 , or 2 × 10 8 /m 2 cells per dose). The infusions were well tolerated without any immediate adverse side effects.
A pivotal question in CAR-mediated cancer immunotherapy is whether the introduction of dual signaling domains will enhance the expansion and persistence of genetically modified T cells in human subjects, as observed in response to tumor cells in vitro when these cells lack expression of costimulatory molecules (Supplemental Figure 1 ). We therefore assessed these end points in the peripheral blood of our patients by quantitative PCR (Q-PCR) assays specific for CAR.CD19ζ and CAR.CD19-28ζ transgenes. As illustrated in Figure 2 , the molecular signals identifying CAR. CD19-28ζ + T cells were detected at a low level as early as 3 hours after the first infusion (63.5 ± 15.5 copies/μg of DNA); this level increased to 218.2 ± 60.6 copies/μg of DNA and 1,285.8 ± 585.4 copies/μg of DNA at 1 and 2 weeks after infusion, respectively, representing a mean 6.82-fold change over the 3-hour value. The signals identifying CAR.CD19-28ζ + T cells reached a nadir by 4 to 6 weeks after infusion (42.6 ± 19.5 copies/μg of DNA). Despite this decline, the remaining peripheral blood CAR.CD19-28ζ + T cells retained the capacity to expand when restimulated ex vivo by engagement of their native TCRs (Supplemental Figure 2 ). Molecular signals derived from the CAR.CD19ζ + T cells were also detected at 3 hours after infusion (41.3 ± 13.8 copies/μg of DNA), but they failed to expand thereafter (35.9 ± 8.2 copies/μg of DNA and 26.6 ± 7.7 copies/μg of DNA at 1 and 2 weeks after infusion, respectively), becoming virtually undetectable by 6 weeks after infusion (4.3 ± 2.2 copies/μg of DNA) ( Figure 2 ), with only marginal reexpansion upon TCR stimulation in vitro (Supplemental Figure 2 ). By repeated measure ANOVA, CAR.CD19-28ζ signals were significantly higher than CAR.CD19ζ signals at every time point tested over the first 4 weeks after infusion (P < 0.0001). There was no evidence of a T celldose response based on the Q-PCR assay. However, the study is not powered enough to detect this difference, and no definite conclusion can be drawn on this matter. Since the T cell lines we infused were a mixture of CAR + CD4 + and CD8 + cells, we asked whether both subsets had contributed to T cell expansion in vivo. Q-PCR analysis of DNA extracted from FACS-sorted CD4 + and CD8 + T cells from patients number 3 and number 5 indicated that both CD4 + and CD8 + T cells can contribute to the in vivo expansion of CAR.CD19-28ζ + T cells (Supplemental Figure 3 ).
Two patients (number 1 and number 3) with stable disease and one patient (number 5) with minimal progression at 1 site of disease after the first infusion were treated with the same T cell products 6 or more weeks after the first infusion to increase potential clinical benefits (Supplemental Table 1 ). The differential pattern of molecular signals over time, after the second infusion, was similar to that observed after the first infusion (Figure 2) , such that only CAR.CD19-28ζ + T cells showed any discernible expansion. This suggests that the decline of T cell persistence after the first infusion was unlikely to have been determined by rapid immune elimination of the gene-modified T cells (19) .
Conceivably, the differences we observed in the expansion and survival of these CAR-modified T cells could be explained by the preferential accumulation of CAR.CD19ζ + T cells in malignant tissues, as compared with that of CAR.CD19-28ζ + T cells. We therefore analyzed tissue sections taken from a cutaneous lesion of patient number 5 at 2 weeks after the second T cell infusion. Phenotypic analysis of lymphocytes from this tissue revealed the presence of CAR + T cells (Figure 3) , which, by Q-PCR analysis, proved to be exclusively CAR.CD19-28ζ + T cells, corresponding to the preponderance of these cells in peripheral blood.
Our results clearly demonstrate that CD28 costimulation improves the in vivo expansion and persistence of CAR-modified T cells in the peripheral blood as compared with that of T cells with a single signaling domain. Moreover, the presence of CAR. CD19-28ζ + T cells in a cutaneous tumor biopsy suggests that the superior expansion and persistence conferred by the second-generation CAR in peripheral blood may extend to cells infiltrating tumor sites. Although the gains in T cell responses achieved with CD28 costimulation are encouraging, they still may be too short lived to produce meaningful clinical benefits. Indeed, despite
Figure 2
In vivo expansion and persistence of infused CAR.CD19ζ + versus CAR.CD19-28ζ + T cell lines as assessed by Q-PCR in peripheral blood. Data points represent critical postinfusion intervals after the first or second infusion of modified T cells. Patients number 1, number 3, and number 5, who had stable disease or clinical benefit at 6 weeks after the first T cell infusion, received a second infusion of CAR-modified T lymphocytes. Patient number 1 received only CAR.CD19-28ζ + T cells (2 × 10 7 cells/m 2 , the same as for the first infusion), because this was the only product available. Patient number 3 received both CAR.CD19-28ζ + and CAR.CD19ζ + T cells, but the cell dose was 60% of their first dose (1 × 10 8 cells/m 2 ). Patient number 5 received both CAR.CD19-28ζ + and CAR.CD19ζ + T cells at the same dose administered during their first infusion (2 × 10 8 cells/m 2 ). Open arrows indicate the time of T cell infusion, and dashed arrows indicate the time when chemotherapy was initiated for disease progression. Pre, before the first infusion; Pre II, before the second infusion. transient stabilization of lymphoma in 2 patients, none showed evidence of sustained tumor regression at the cell doses used (Supplemental Table 1 ).
Infusion of CAR-modified T cells immediately after lymphodepletion or lymphoablative chemoradiotherapy, together with concomitant administration of cytokines such as IL-2, may further increase the persistence of the infused CAR.CD19-28ζ + T cells and thus their clinical benefits (8, 20, 21) . Nonetheless, it is clear that other signals besides CD28 costimulation will be required by T cells to allow them to pass through the physiological sequence of activation, proliferation, and survival check points to which T cells are subjected (22) . One strategy to achieve this goal takes advantage of members of the tumor necrosis family (TNF) to recruit specific TNF-receptor-associated factor (TRAF) adapter proteins, which represents a fundamental departure from CD28 costimulation (23) . OX40 and 4-1BB belong to the TNF receptor family, and their endodomains have been coexpressed with that of CD28 in CAR molecules to produce third-generation CARs, in an effort to recapitulate more complete costimulation of CAR-modified T cells upon binding to a specific antigen (14, 15) .
Our method of comparing the behavior of CAR-modified T cells, with or without the CD28 costimulatory endodomain, in individual patients avoids many of the variables (such as disease status and prior treatment) that confound efforts to assess the responses to genetically altered T cell populations in consecutive or "matched" patients. Hence, this approach would allow direct analysis of the incremental benefits of incorporating critical costimulatory components into CARs even in small numbers of patients, thereby accelerating the development of optimal T cell products for cancer immunotherapy.
Methods

Patients.
This study was open to patients with recurrent or refractory NHL or those unable to receive or complete standard therapy. We obtained 30-60 ml peripheral blood for the production of genemodified T cells, under current "good-tissue practice" conditions. The investigation was approved by the US Food and Drug Administration, the Recombinant DNA Advisory Committee, and the Institutional Review Board of Baylor College of Medicine. All participants gave informed consent upon enrollment.
T cell infusions. All individuals received the T cell products at least 6 weeks after the last chemotherapy treatment. At the time of infusion, patients had measurable disease by imaging studies (CT or PET scan) or by physical examination (skin lesion in 1 patient). T cell products expressing either the CAR.CD19ζ or CAR.CD19-28ζ transgenes were administered simultaneously to each patient (Supplemental Table 1 ). Second infusions were allowed if there was evidence of clinical benefit (including stable disease or partial response) at 6 weeks after the first infusion as assessed by Response Evaluation Criteria in Solid Tumors (24) . We assessed toxicity on the basis of patient interviews, physical examinations, and laboratory tests of organ function at 1, 2, 4, and 6 weeks and 3, 6, 9, and 12 months after infusion.
Generation of retroviral constructs. The scFv domain targeting the CD19 antigen was provided by Heddy Zola (Child Health Research Institute, Women's and Children's Hospital, Adelaide, South Australia, Australia) (16) . CAR. CD19ζ and CAR.CD19-28ζ vectors were generated as previously described (25) . A spacer region derived from the human IgG1-CH2CH3 domain was cloned in-frame between the scFv and the signaling domains (25) . The cassettes were cloned into the SFG retroviral backbone (3) . Clinical grade packaging cell lines were generated with the use of PG13 cells (gibbon ape leukemia virus pseudotyping packaging cell line; CRL-10686, ATCC) as previously described (3) . We used the highest-titer clone for each vector to establish a master cell bank, releasing the clones for clinical use only when safety testing for replication-competent retrovirus had been performed.
Generation and transduction of activated T cells. To generate CAR-modified T lymphocytes, PBMCs were activated with immobilized OKT3 antibody (Ortho Biotech) and recombinant human IL-2 (rhIL-2) (100 U/ml; Proleukin Chiron) and then transduced by day 3 in 24-well plates precoated with a recombinant fibronectin fragment (FN CH-296, Retronectin Takara). After transduction, the T cell lines were expanded ex vivo in the presence of rhIL-2 (50-100 U/ml) added twice weekly, without any additional stimulation with OKT3 antibody or single cell cloning (3) .
Immunophenotyping. We stained T cell lines with monoclonal antibodies to CD3, CD4, CD8, CD62L, CD45RA, CD45RO, CCR7, and CD28 (Becton Dickinson). We detected the CD19-specific CAR with an Fcspecific cyanine-Cy5-conjugated (Fc-Cy5) monoclonal antibody, provided by Jackson ImmunoResearch Laboratories Inc., that recognizes
Figure 3
Detection of CAR + T cells in a skin tumor biopsy. (A) Immunohistochemical examination (diaminobenzidine with hematoxylin counterstaining) of a punch biopsy of a lymphoma skin lesion from patient number 5 at 2 weeks after T cell infusion showed that tumor cells were CD20 + (shown), CD10 + , BCL2 + , and BCL6 + , consistent with involvement by follicular lymphoma with large cell transformation. Scattered CD3 + CD8 + cells infiltrated the tumor. Of note, the infused CAR.CD19-28ζ + product consisted of 85% CD8 + cells. Scale bar: 100 μm. (B) FACS analysis of a cell suspension obtained from a fragment of the tumor biopsy. Viable cells represented approximately 45% of the preparation. The far left panel shows the gate on CD45 + cells, which represented 12% of the viable cells. The middle panel shows the CD3 + lymphocytes infiltrating the tumor, which accounted for 6.7% of CD45 + cells (0.8% of all viable cells). The far right panel illustrates that 20% of the gated CD3 + lymphocytes cells coexpressed the CAR, as assessed by the Fc-Cy5 monoclonal antibody, which binds to the IgG1-CH2CH3 spacer region of the CD19-specific CARs (~0.16% of all viable cells). SSC, side scatter.
differences between groups was determined by paired t test. A random effects model for repeated measures was also fitted to analyze the difference between CAR.CD19ζ and CAR.CD19-28ζ signals at each time point tested. A P value of less than 0.05 was considered statistically significant for all analyses.
the IgG1-CH2CH3 component of the CAR. We analyzed the cells using a FACScan Flow Cytometer (Becton Dickinson) equipped with a filter set for 4 fluorescence signals.
Chromium release assay. We evaluated the cytotoxic specificity of T cell lines using a standard 4-hour 51 Cr-release assay, as previously described (3).
Real-time Q-PCR. We used Q-PCR to quantify the retrovirus integrants for both CAR.CD19ζ and CAR.CD19-28ζ transgenes in PBMCs collected before and at different time points after T cell infusions. After DNA extraction with the QIAamp DNA Blood Mini Kit (Qiagen), we amplified the DNA in triplicate with primers and TaqMan probes (Applied Biosystems) specific for each of the CAR.CD19ζ and CAR.CD19-28ζ transgenes, using the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). The baseline range was set at cycles 6-15, with the threshold at 10 SDs above the baseline fluorescence. To generate DNA standards, we established serial dilution of DNA plasmids encoding each specific cassette.
Statistics. Unless otherwise noted, data were summarized by mean and standard error of the mean. DNA measurements were logarithmically transformed to satisfy the normality assumption. The significance of
